Stein, Paul S. G. and Susan Daniels-McQueen. Variations in motor patterns during fictive rostral scratching in the turtle: knee-related deletions. J Neurophysiol 91: 2380 -2384 , 2004 . First published January 14, 2004 10.1152 /jn.01184.2003 . Agonist motor neurons usually alternate between activity and quiescence during normal rhythmic behavior; antagonist motor neurons are usually active during agonist motor neuron quiescence. During an antagonist deletion, a naturally occurring motor-pattern variation, there is no antagonist activity and no quiescence between successive bursts of agonist activity. Motor neuron recordings of normal fictive rostral scratching in the turtle displayed rhythmic alternation between activity and quiescence for hip flexors, knee flexors, and knee extensors. Knee-flexor activity occurred during knee-extensor quiescence. During a hip-extensor deletion, a variation of rostral scratching, rhythmic hip-flexor bursts occurred without intervening hip-flexor quiescence. There were 3 distinct patterns of knee motor activity during the cycle before or after a hip-extensor deletion. In most cycles, there was knee flexor-extensor rhythmic alternation. In some cycles, termed knee-flexor deletions, there was no knee-flexor activity and rhythmic knee-extensor bursts occurred without intervening knee-extensor quiescence. In other cycles, termed knee-extensor deletions, there was no knee-extensor activity and rhythmic knee-flexor bursts occurred without intervening knee-flexor quiescence. The concept of a module refers to a population of motor neurons and interneurons with similar activity patterns; interneurons in a module coordinate agonist and antagonist motor neuron activities, either with excitation of agonist motor neurons and interneurons, or with inhibition of antagonist motor neurons and interneurons. Previous studies of hip-extensor deletions support the concept of a rhythmogenic hip-flexor module. The knee-related deletions described here support the concept of rhythmogenic knee-flexor and knee-extensor modules linked by reciprocal inhibition.
I N T R O D U C T I O N
Rhythmic alternation between agonist activity and quiescence occurs during normal motor rhythms; antagonist activity usually occurs during agonist quiescence (Stein and Smith 1997) . The concept of a spinal module [termed unit-burstgenerator by Grillner (1981) ], a set of motor neurons and interneurons with similar activity patterns, has played a key role in several hypotheses of spinal motor organization. In the classic half-center modular hypothesis for a hindlimb (Jankowska et al. 1967; Lundberg 1981) , all extensors are grouped into an extensor module and all flexors are grouped into a flexor module. In other hypotheses (Grillner 1981; Jordan 1991; Daniels-McQueen 2002, 2003a) , a separate module is proposed for each direction of each degree of freedom of a hindlimb (e.g., a hip-flexor module, a hipextensor module, a knee-flexor module, a knee-extensor module, etc.). Reciprocal inhibition between agonist and antagonist modules contributes to agonist-antagonist rhythmic alternation during normal motor rhythms (Grillner 1981 (Grillner , 2003 .
We studied fictive rostral scratching in the spinal turtle: there was rhythmic alternation between hip-flexor and hip-extensor motor activities and between knee-flexor and knee-extensor motor activities (Robertson et al. 1985; Stein and DanielsMcQueen 2003a) . Rostral scratching is a mixed-synergy motor pattern; knee-extensor activity occurs during the latter portion of hip-flexor activity.
Deletions are naturally occurring variations of normal rhythms. In an antagonist deletion, antagonists are quiet and successive bursts of agonist activity occur without intervening agonist quiescence. A rhythmogenic agonist module contributes to agonist rhythms during antagonist deletions (Stein et al. 1995) . We studied hip-extensor deletions during rostral scratching in the spinal turtle; hip-extensor motor neurons were quiet and successive bursts of hip-flexor motor activity occurred with no intervening hip-flexor quiescence (Robertson and Stein 1988) . We characterized interneurons, termed hipextensor interneurons, that were active during hip-extensor motor neuron activity of normal rostral scratching; hip-extensor interneurons were quiet during rostral-scratch cycles that ended with a hip-extensor deletion (Stein and Daniels-McQueen 2002) . These observations support the concepts that 1) reciprocal inhibition between hip modules is not required for hip-flexor rhythmicity and 2) the hip-flexor module is rhythmogenic.
We describe here knee-related deletions that occurred during hip-extensor deletions. We discussed these in an abstract (Stein and Daniels-McQueen 2003b) . Our observations provide support for the existence of rhythmogenic knee-related spinal modules.
M E T H O D S
Red-eared turtles (n ϭ 4), Trachemys scripta elegans (formerly Pseudemys scripta elegans), weighing 500 -900 g, were placed on crushed ice Ն1 h before surgery to induce hypothermic analgesia (Melby and Altman 1974) . Each turtle was spinalized caudal to the forelimb enlargement by a complete spinal transection midway between the D2 and D3 dorsal roots (Stein and Daniels-McQueen 2003a) . All procedures were approved by the Washington University Animal Studies Committee.
After surgery was completed, the turtle was allowed to warm up to room temperature and was immobilized with gallamine at a dosage of 6 -8 mg/kg body weight. We obtained bipolar electroneurographic recordings (ENGs) from 4 nerves of the right hindlimb: knee-flexor, biarticular knee-extensor, monoarticular knee-extensor, and hip-flexor (Stein and Daniels-McQueen 2003a) . Each nerve was cut near its muscle; each electrode pair was placed on the nerve central to the cut. Fictive rostral scratch motor patterns were elicited by mechanical stimulation of sites in the right rostral-scratch receptive field.
We determined burst start-and end-phases for quantitative analyses as described previously Daniels-McQueen 2002, 2003a) . ENGs were digitized at 2 kHz and means ("integration") of absolute values ("full-wave rectification") of 20 successive data points were calculated. Baseline ENGs were obtained in the absence of motor neuron activity. Baseline amplitude was defined as maximum minus minimum baseline value. We defined threshold for each burst of full-wave rectified integrated data as baseline amplitude plus maximum baseline value. A motor burst occurred when there were Ն5 successive full-wave rectified integrated values greater than threshold; motor quiescence occurred when there were Ն5 successive full-wave rectified integrated values less than threshold. Some analyses of data during normal rostral scratching in these 4 turtles were described previously (Figs. 1 and 2 of Stein and Daniels-McQueen 2003a) . We present from these 4 turtles additional analyses of normal rostral scratching as well as new analyses during the hip-extensor deletion variation of rostral scratching.
R E S U L T S

Normal rostral scratching
During normal rostral scratching in the turtle, there was rhythmic alternation between knee-flexor and knee-extensor motor activity ( Fig. 1A ; see also Stein and Daniels-McQueen 2003a) . Knee-flexor motor activity began during hip-flexor quiescence and ended in the middle of hip-flexor activity. Knee-flexor motor bursts (unfilled rectangles in Fig. 1A ) occurred during knee-extensor quiescence (gray-filled rectangles in Fig. 1A) . In early portions of the episode, the durations of knee-flexor activity and knee-extensor quiescence were short FIG. 1. Fictive rostral scratching motor patterns in response to stimulation of a site in the right rostral scratch receptive field. Electroneurographic (ENG) recordings from the right kneeflexor nerve, the right biarticular knee-extensor nerve, the right monoarticular knee-extensor nerve, and the right hip-flexor nerve. A: normal rostral scratching. Knee-flexor activity marked with unfilled rectangles and biarticular knee-extensor quiescence marked with gray-filled rectangles. B: rostral scratching with hip-extensor deletions. Hip-extensor deletions are marked with unfilled triangles, knee-flexor deletion is marked with unfilled circle, and rhythmic knee-flexor bursts during knee-extensor quiescence are marked with unfilled diamonds.
and, in later portions of the episode, these durations were longer. There was a significant positive correlation during normal rostral scratching between the duration of the kneeflexor burst and the duration of the corresponding biarticular knee-extensor quiescence (filled circles in Fig. 2 , n ϭ 200, r ϭ 0.86, P Ͻ 0.0001, t-test; Zar 1999).
Hip-extensor deletion variation of rostral scratching
During rostral scratching with hip-extensor deletions (marked with unfilled triangles in Figs. 1B and 3 ), there were rhythmic bursts of hip-flexor activities with no intervening hip-flexor quiescence (Stein and Daniels-McQueen 2002) . We observed 3 distinct patterns of knee motor activity during the cycle just before or just after each hip-extensor deletion.
KNEE FLEXOR-EXTENSOR RHYTHMIC ALTERNATION. During the cycle before or after most hip-extensor deletions, we observed knee flexor-extensor rhythmic alternation (unfilled diamonds in Fig. 1B ). During these cycles, knee-flexor motor bursts occurred during knee-extensor quiescence. There was a significant positive correlation between the duration of the kneeflexor burst and the duration of the corresponding biarticular knee-extensor quiescence (unfilled diamonds in Fig. 2 , n ϭ 34, r ϭ 0.89, P Ͻ 0.0001, t-test; Zar 1999). Reciprocal activation of knee motor bursts occurred even when there was no reciprocal activation of hip motor bursts.
KNEE-FLEXOR DELETIONS. During the cycle before or after some hip-extensor deletions, we also observed knee-flexor deletions: there was no knee-flexor activity (unfilled circle in Fig. 1B ). These were plotted with unfilled circles in Fig. 2 (n ϭ  13) . In 7 of these cycles, rhythmic biarticular knee-extensor activity occurred with no intervening quiescence. In the example marked with an unfilled circle in Fig. 1B , there were rhythmic biarticular and monoarticular knee-extensor activities with no intervening quiescence. Knee-extensor motor rhythms were expressed with hip-flexor motor rhythms in the absence of knee-flexor and hip-extensor motor rhythms.
KNEE-EXTENSOR DELETIONS. During the cycle before or after some hip-extensor deletions, we also observed knee-extensor deletions (n ϭ 16): there was no knee-extensor activity (unfilled ellipse in Fig. 3 ). In 9 of these cycles, successive bursts of knee-flexor motor activity occurred with no intervening knee-flexor quiescence. Knee-flexor motor rhythms were expressed with hip-flexor motor rhythms and in the absence of knee-extensor and hip-extensor motor rhythms.
D I S C U S S I O N
Knee flexor-extensor motor rhythmic alternation
Knee-flexor and knee-extensor motor activities rhythmically alternated during normal rostral scratching ( Fig. 1A ; see also Stein and Daniels-McQueen 2003a) and during some cycles of the hip-extensor deletion variation of rostral scratching (un- filled diamonds in Fig. 1B) . Reciprocal inhibitory connections between interneurons in knee-flexor and knee-extensor modules have been proposed as a mechanism for ensuring knee motor-neuron alternation as well as for generating knee motorneuron rhythmicity (Grillner 1981; Stein and DanielsMcQueen 2003a) .
During hip-extensor deletions, hip-extensor motor neurons and interneurons are quiet (Robertson and Stein 1988; Stein and Daniels-McQueen 2002) . Our observation of knee flexorextensor alternation during hip-extensor deletions is consistent with the concept that knee modules can display reciprocal activity even when the entire hip-extensor module is quiet. Activation of the knee-extensor module when the hip-extensor module is quiet is consistent with hypotheses that include a knee-extensor module with interneurons different from those in a hip-extensor module (Grillner 1981; Stein and DanielsMcQueen 2003a) . Our observation of knee flexor-extensor alternation during hip-extensor deletions conflicts with predictions of the classical half-center hypothesis that groups all hindlimb extensor interneurons into a single extensor halfcenter (Jankowska et al. 1967; Lundberg 1981) .
Knee-agonist motor rhythms without intervening knee-antagonist activity
RHYTHMOGENIC KNEE-EXTENSOR MODULE. During knee-flexor deletions, successive bursts of knee-extensor motor activity occurred without intervening quiescence and without intervening knee-flexor motor activity (unfilled circle in Fig. 1B ). This observation is consistent with the concept that the interneurons of the knee-extensor module can be rhythmogenic even in the absence of knee-flexor module activity.
Previously, we described the behavior of interneurons, termed OFF-units, whose end-phases were positively correlated with the start-phases of knee-extensor motor activity during normal rostral scratching (Stein and Daniels-McQueen 2003a) . We proposed that these units were candidate members of the knee-flexor module. We predict that future studies of OFF-units will demonstrate their quiescence during knee-flexor deletions.
RHYTHMOGENIC KNEE-FLEXOR MODULE. During knee-extensor deletions, successive bursts of knee-flexor motor activity occurred without intervening quiescence and without intervening knee-extensor motor activity (unfilled ellipse in Fig. 3 ). This observation is consistent with the concept that interneurons of the knee-flexor module can be rhythmogenic even in the absence of knee-extensor module activity.
Previously, we described the behavior of interneurons, termed ON-units, whose start-phases were positively correlated with the start-phases of knee-extensor motor activity during normal rostral scratching (Stein and Daniels-McQueen 2003a) . We proposed that these units were candidate members of the knee-extensor module. We predict that future studies of ONunits will demonstrate their quiescence during knee-extensor deletions.
A modular broad-tuning hypothesis
The Berkowitz-Stein hypothesis (Berkowitz 2001a (Berkowitz ,b, 2002 Berkowitz and Stein 1994a,b) describes mechanisms that assist in the production of both mixed-synergy and conventionalsynergy motor patterns. The hypothesis emphasizes the specific outputs of broadly tuned interneurons. We focus here on the mixed-synergy motor pattern of turtle rostral scratching; monoarticular knee-extensor motor activity occurs mainly during the latter portion of hip-flexor motor activity. In the Berkowitz-Stein hypothesis, rostral-tuned interneurons synapse on hip-related interneurons and a mixed-synergy set of motor neurons: for example, excitatory rostral-tuned interneurons excite both hip-flexor and knee-extensor motor neurons. The Berkowitz-Stein hypothesis did not include knee-flexor motor neurons.
Our work Daniels-McQueen 2002, 2003a ; this report) provides support for hip-flexor, hip-extensor, kneeflexor, and knee-extensor modules. We propose a modified hypothesis for turtle rostral scratching, termed the modular broad-tuning hypothesis, that includes the connections proposed in the Berkowitz-Stein hypothesis and describes additional synapses on knee-related interneurons and knee-flexor motor neurons. We suggest that rostral-tuned interneurons synapse on both motor neurons and interneurons in specific modules: 1) excitatory rostral-tuned interneurons in the hip-flexor module excite neurons in hip-flexor and knee-extensor modules; 2) inhibitory rostral-tuned interneurons in the hip-extensor module inhibit neurons in hip-flexor and knee-extensor modules; 3) excitatory rostral-tuned interneurons in the hipextensor module excite neurons in hip-extensor and kneeflexor modules; and 4) inhibitory rostral-tuned interneurons in the hip-flexor module inhibit neurons in the hip-extensor and knee-flexor modules. Future experiments that examine other forms of scratching may support additions to the modular broad-tuning hypothesis appropriate for these other forms. 
